ABSTRACT Voltage-dependent ion channels open and close in response to changes in membrane electrical potential due to the motion of their voltage-sensing domains (VSDs). VSD charge displacements within the membrane electric field are observed in electrophysiology experiments as gating currents preceding ionic conduction. The elementary charge motions that give rise to the gating current cannot be observed directly, but appear as discrete current pulses that generate fluctuations in gating current measurements. Here we report direct observation of gating-charge displacements in an atomistic molecular dynamics simulation of the isolated VSD from the KvAP channel in a hydrated lipid bilayer on the timescale (10-ms) expected for elementary gating charge transitions. The results reveal that gating-charge displacements are associated with the water-catalyzed rearrangement of salt bridges between the S4 arginines and a set of conserved acidic side chains on the S1-S3 transmembrane segments in the hydrated interior of the VSD.
Voltage-sensing domains (VSDs) regulate the opening of voltage-dependent ion channels in response to changes in membrane electrical potential. They are composed of four transmembrane segments (S1-S4) and their overall architecture is conserved from Archaea to mammals (1) (2) (3) . The main voltage-sensitive element in VSDs is the S4 segment, which contains four-to-eight highly conserved triplet repeats consisting of one positively charged residue (mostly arginine) followed by two hydrophobic residues. Displacements of these charges within the membrane electric field after a sudden change in the membrane potential are measured as capacitive currents, termed gating currents, in electrophysiology experiments (4) . The elementary charge motions that give rise to the gating current appear as shot-like events in high-bandwidth recordings of gating current fluctuations, but cannot be observed directly due to the limitations of available recording technology (5-7). To characterize the conformational dynamics of the VSD under an applied membrane potential, we performed all-atom molecular dynamics simulations of the isolated Kv VSD from Aeropyrum pernix (KvAP) in a 1-palmitoyl-2-oleoyl-phosphatidylcholine bilayer in excess water under a constant electric field on the timescale (10-ms) expected for elementary gating charge transitions (5, 6) . The results suggest that shot-like events of gating current are associated with changes in the solvation environment of the S4 arginines as they move through the hydrated interior of the VSD.
We modeled the membrane potential based on a onedimensional linearized Poisson-Boltzmann calculation performed along the transmembrane direction through the center of the VSD (8) . The magnitude of the constant electric field corresponds to a potential drop of 120 mV over the linear region of the electrostatic potential profile (shown in Fig. S1 in the Supporting Material). The time evolution of the VSD total charge displacement (defined in Methods in the Supporting Material) with respect to the initial configuration is shown in Fig. 1 A.
Under a depolarizing membrane potential (i.e., positive on the intracellular side), the total gating charge displacement increases steadily after~2 ms and reaches a plateau after~5 ms (Fig. 1) . The underlying conformational change involves a substantial movement of the S3b-S4 helix-turnhelix (paddle) motif relative to S1-S2 (see Fig. S2 ) without any significant perturbation of the lipid bilayer (see Fig. S3 ). The resulting configuration of the paddle motif appears to be consistent with existing KvAP biotin-avidin accessibility data (9,10) (see Fig. S4 ). A comparison with a 5-ms unpolarized control simulation reveals an outward shift of all the basic side chains in S4 and the S4-S5 linker that were not already embedded in the lipid bilayer headgroup region in the initial configuration (8, 11 ) (see Fig. 1 B and Fig. S5 ). At the end of this conformational change, the first four arginines in S4 (R1-R4) are exposed to the lipid bilayer headgroup region. The innermost arginine in S4 (R6) moves from the center of the VSD to the bottom of the extracellular crevice and forms a (mostly water-mediated) hydrogenbond interaction with E45, a conserved acidic residue in the S1 segment. A lysine in the center of the S4-S5 linker (K7) is engaged in salt-bridge with E93, a conserved acidic residue in the S3a segment (see Fig. 1 B) .
Switching the sign of the applied electric field to hyperpolarize the membrane after 9 ms induced a net gating charge displacement (corresponding to a shot of gating current) of~1e that occurred over 1.6 ms (Fig. 1) . The concerted motion of R4, R6, and K7 ( Fig. 1 C) contributes 75% of the total gating charge (see Fig. S6 ). Specifically, R6 traversed the interior of the VSD from the bottom of the extracellular crevice to the center of the intracellular crevice ( Fig. 2) , whereas R4 moved from the lipid headgroup region into the extracellular crevice, and K7 moved from the intracellular crevice into the lipid headgroup region on the intracellular side (see Fig. S7 ). Under the hyperpolarizing potential, R4 is engaged in a salt-bridge with E45 and a water-mediated hydrogen bond with D62, while R6 forms a persistent salt-bridge interaction with E93 and D72 (Figs. 1 C and Fig. 2 , and see Fig. S7 ). R1-R3, which remain within the extracellular headgroup region throughout the 30-ms simulation trajectory ( Fig. 1) , only contribute~5% to the gating charge (see Fig. S6 ). Thus, the gating-charge displacement that we observed is associated with the water-catalyzed rearrangement of salt bridges between the S4 basic side chains and the set of conserved acidic side chains on the S1-S3 transmembrane segments in the hydrated interior of the VSD. The full activation of the VSD appears to be required for the generation of the gating charge event, because a trajectory initiated under a hyperpolarized potential without preequilibration under a depolarized potential failed to produce the incursion of R6 into the intracellular crevice within 14 ms (see Fig. S8 ). Salt-bridges between conserved charged side chains have been identified as a key structural feature in VSD folding and function (12) (13) (14) (15) (16) , and their role in the gating mechanism has been suggested in previously reported molecular dynamics simulations run for shorter times (17, 18) . Our results indicate that specific contributions by S4 basic side chains to the gating charge are primarily dependent on their interactions with the local electric field, which is shaped by the overall solvation of the VSD (8) .
The experimental evidence regarding contributions to the gating charge by specific side chains in eukaryotic Kv channels suggests that R1-R4 carry out most of the gating charge during activation (19) (20) (21) . The main determinant of the voltage gating function is the conformation of S4 in the membrane, as clearly illustrated by the functional analysis on several Shaker deletion mutants reported by Xu et al. (22) , who found that only a minimum of two S4 triplet repeats (out of five in wild-type Shaker) were necessary to maintain the voltage-gating function, irrespective of their specific location in the protein sequence. In contrast to the KvAP VSD, the Kv1.2 paddle-chimera structure (2) shows the S4 segment spanning the whole transmembrane region, whereas R6 is located at end of the intracellular crevice as part of a sharp kink that leaves the S4-S5 link parallel to the membrane surface and R4 is located near the constriction separating the VSD crevices in an equivalent location to R6 in KvAP (see Fig. S9 and Long et al. (2) ). This configuration strongly suggests that R6 would not cross the membrane electric field during gating in Kv1 channels, a notion consistent with the current view on VSD movements in relation to channel opening in Kv1 channels (23, 24) .
Our observation of a single charge displacement event over a 30-ms sampling interval is compatible with electrophysiological measurements on eukaryotic channels. A fast early component of the gating current with a time constant of 12 ms has been detected for the Shaker channel (25) . The main component of the gating current in Shaker and Nav1.2 has been estimated to consist of at least one discrete transition carrying 2-3e of charge (5, 6) . However, these discrete events can only be resolved as charge packets that may not represent a single charge displacement event but rather the superposition of many events occurring faster than the instrument response (5-7). Our simulation suggests that concerted motions of S4 arginines generate displacements of~1e charge on a timescale of~1 ms within a single VSD.
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